A requisite component of nervous system development is the achievement of cellular recognition and spatial segregation through competition-based refinement mechanisms. Competition for available axon space by myelinating oligodendrocytes ensures that all relevant CNS axons are myelinated properly. To ascertain the nature of this competition, we generated a transgenic mouse with sparsely labeled oligodendrocytes and establish that individual oligodendrocytes occupying similar axon tracts can greatly vary the number and lengths of their myelin internodes. Here we show that intercellular interactions between competing oligodendroglia influence the number and length of myelin internodes, referred to as myelinogenic potential, and identify the amino-terminal region of Nogo-A, expressed by oligodendroglia, as necessary and sufficient to inhibit this process. Exuberant and expansive myelination/ remyelination is detected in the absence of Nogo during development and after demyelination, suggesting that spatial segregation and myelin extent is limited by microenvironmental inhibition. We demonstrate a unique physiological role for Nogo-A in the precise myelination of the developing CNS. Maximizing the myelinogenic potential of oligodendrocytes may offer an effective strategy for repair in future therapies for demyelination.
A requisite component of nervous system development is the achievement of cellular recognition and spatial segregation through competition-based refinement mechanisms. Competition for available axon space by myelinating oligodendrocytes ensures that all relevant CNS axons are myelinated properly. To ascertain the nature of this competition, we generated a transgenic mouse with sparsely labeled oligodendrocytes and establish that individual oligodendrocytes occupying similar axon tracts can greatly vary the number and lengths of their myelin internodes. Here we show that intercellular interactions between competing oligodendroglia influence the number and length of myelin internodes, referred to as myelinogenic potential, and identify the amino-terminal region of Nogo-A, expressed by oligodendroglia, as necessary and sufficient to inhibit this process. Exuberant and expansive myelination/ remyelination is detected in the absence of Nogo during development and after demyelination, suggesting that spatial segregation and myelin extent is limited by microenvironmental inhibition. We demonstrate a unique physiological role for Nogo-A in the precise myelination of the developing CNS. Maximizing the myelinogenic potential of oligodendrocytes may offer an effective strategy for repair in future therapies for demyelination.
T he spatial alignment of myelin internodes along axons facilitates the process of saltatory conduction, maximizing the speed and efficacy of action potential propagation throughout the nervous system. In the CNS, myelin is formed by oligodendrocytes, cells with the capacity to form multiple myelin internodes (1) . What developmental mechanisms control the generation and coordination of the precise number and length of myelin internodes? Though recent studies have revealed extrinsic cues and transcriptional and epigenetic determinants that regulate oligodendrocyte differentiation (2-7), achievement of the precise spatial organization of myelin internodes necessitates a mechanism whereby neighboring oligodendroglial cells coordinate the appropriate number of myelin internodes generated. This coordination could be achieved through oligodendroglial competition for inductive cues and/or available axonal space (8) . Variations in the number and length of myelin internodes formed by individual oligodendrocytes support the likelihood of environmental regulation of myelination. However, providing evidence of this variation requires a strategy that facilitates the resolution and analysis of individual myelinating oligodendrocytes in vivo.
Results

Individual Oligodendrocytes Exhibit Great Variability in the Number
and Lengths of Myelin Internodes Throughout the CNS. Though the heterogeneity of oligodendrocyte morphology has been recognized for the past century (9, 10), efforts to accurately examine oligodendrocytes have been hindered by the high density of myelinating cells, limiting the ability to confidently attribute specific myelin internodes to any particular oligodendrocyte. Existing methods approximate the number and length of myelin internodes produced by individual oligodendrocytes and are limited by sample size and brain region (11) (12) (13) . To explore the likelihood of competitive oligodendroglial interactions, we developed a unique transgenic mouse line permitting resolution and analysis of individual oligodendrocytes in vivo. Based on position-effect variegation (14), we used a construct expressing membrane-associated EGFP (maEGFP) under the control of the myelin basic protein (MBP) enhancer to successfully generate a transgenic mouse line displaying maEGFP expression in <1% of myelinating cells (Fig. 1B) . In contrast to knockin (Fig.  1A ) and transgenic mouse lines in which the majority of oligodendrocytes are labeled, this sparsely labeled mouse line (Fig.  1B) allows for the identification and characterization of individual oligodendrocytes and their associated myelin internodes (Fig. 1C) , providing a unique opportunity to characterize the factors that regulate myelinogenic potential. We systematically analyzed single oligodendrocytes throughout the CNS, and demonstrate the remarkable heterogeneity that exists in the orientation, number, and length of myelin internodes formed by individual oligodendrocytes in vivo. By compressing 100-μm zstack images, we were able to resolve individual myelin internodes associated with each oligodendrocyte (Fig. S1A) , and verify the quantification by 3D rendering. This analysis reveals a sixfold range in the number of myelin internodes formed per cell, as well as a variation in the average length of internodes ranging from ∼20 to 200 μm ( Fig. 1 D and E) . Importantly, the variability in number and length of internodes is not region specific, and can be detected within the same local region and along similar axonal tracts ( Fig. 1 C-E) . Though the orientation of myelin internodes is dependent on axon orientation, the observed variability in Author contributions: S.Y.C.C., S.S.R., S.P.J.F., L.I.Z., D.H.R., Q.R.L., and J.R.C. designed research; S.Y.C.C., S.S.R., S.P.J.F., C.Z., Y.-A.A.S., A.T.H., X.X., R.J.M.F., and J.R.C. performed research; S.Y.C.C., S.S.R., S.P.J.F., A.W.M., X.X., B.Z., D.H.R., Q.R.L., and J.R.C. contributed new reagents/analytic tools; S.Y.C.C., S.S.R., S.P.J.F., L.I.Z., R.J.M.F., Q.R.L., and J.R.C. analyzed data; and S.Y.C.C., S.S.R., and J.R.C. wrote the paper. myelin internode number and length suggests that the myelinogenic potential of individual oligodendrocytes is not determined solely by axonal density, size, or molecular signals. Instead, the variation within brain regions suggests that localized microenvironmental cues may regulate myelinogenic potential.
The in vitro myelinating coculture represents a reduced system that is ideal for manipulating the microenvironment (15) . Similar to oligodendroglial development in vivo, oligodendrocyte precursor cells (OPCs) cocultured with purified sensory neurons undergo an initial period of proliferation in response to axonal cues (15, 16) before differentiating into myelinating oligodendrocytes. The cocultures create an environment characterized by minimal variability in density and heterogeneity in the type of cultured neurons. Despite this relatively homogeneous environment, individual oligodendrocytes exhibit variability in morphology and myelinogenic potential, comparable to the variation found in vivo (Fig. S1B ). This observation suggests that the neuronal diversity present in vivo may not be necessary for establishing the heterogeneous morphology of myelinating oligodendrocytes, and underscores the likelihood that competitive interactions between oligodendroglial cells, which take place both in vivo and in vitro, are responsible for shaping the myelinogenic potential of individual oligodendrocytes.
Oligodendroglial Density Controls the Myelinogenic Potential: A Competition-Based Model for Myelination. A competition-based model for regulating myelination suggests a direct relationship between oligodendroglial numbers and myelinogenic potential. We hypothesize that an increase in the density of oligodendroglial cells should result in a corresponding decrease in the number of myelin internodes formed per oligodendrocyte (Fig.  S2A ). Efforts to manipulate the density of oligodendroglial cells are complicated in light of previous findings demonstrating that a critical density of OPCs along axons is required for the initiation of oligodendrocyte differentiation (17) . However, differentiation can be induced in the absence of a critical density by replacing the majority of OPCs with comparably sized polystyrene beads (Fig. S2B) . Conjugation of these beads to the surface of cultured axons creates spatial constraints that are sufficient to induce differentiation (17) . The addition of polystyrene beads to cocultures allows for a 10-fold reduction in the density of oligodendroglial cells without inhibiting robust myelination ( Fig. 2 A and B) . Using this approach we tested the impact of oligodendroglial cell density on the average myelinogenic potential of oligodendrocytes. We find that a 10-fold decrease in OPC density leads to a significant increase in the average number of myelin internodes formed per oligodendrocyte ( Fig. 2 C, D, and F). This finding is consistent with the possibility that repulsive interactions between oligodendroglial cells mediate myelinogenic potential.
Oligodendroglia Express Membrane-Bound Cue(s) to Inhibit Myelinogenic Potential. To confirm that a membrane-bound factor is sufficient to modulate myelinogenic potential, and to mimic the localized contact that may be required, we coated customdesigned polystyrene beads with OPC and/or oligodendrocyte membranes (18, 19) (Fig. S2B ). This approach essentially creates artificial cells to test whether membrane-bound molecules are responsible for the decrease in myelinogenic potential that occurs at a high density of oligodendroglial cells. We find that compared with controls, beads coated with oligodendroglial membranes induce a twofold decrease in the number of myelin internodes formed per cell ( Fig. 2 E and F) . In contrast, beads coated with control membranes from other cell types, including astrocytes, do not alter the number of myelin internodes (Fig. 2F) . Additionally, oligodendroglial membranes also decrease the length of myelin internodes (Fig. S3 ), suggesting that a membrane-bound cue(s) expressed specifically by oligodendroglia is sufficient to regulate myelinogenic potential.
Nogo-A Expressed by Oligodendroglia Is both Necessary and Sufficient
for Regulating Myelinogenic Potential. Expression of inhibitory cues by developing oligodendroglia could regulate the extension and/ or retraction of neighboring glial projections through inhibitory mechanisms reminiscent of growth cone collapse. To identify the membrane-bound oligodendroglial signal(s), we performed a candidate screen testing factors previously identified as myelinbased inhibitors of axon regeneration. Because the number of myelin internodes is robustly inhibited by oligodendroglia (twofold), we initially focused our assay on the number of myelin internodes formed per oligodendrocyte. Our candidate screen included myelin-associated glycoprotein (MAG), Nogo-A, Nogo-66, p75 NTR , Ephrin-B3, and oligodendrocyte-myelin glycoprotein (OMgp) (20) . After verifying the expression of these inhibitory cues on cultured OPCs and oligodendrocytes by Western blot analysis (Fig. 3A) , we conjugated soluble Fc-linked fusion constructs containing extracellular domains of the candidates to Protein A-coated polystyrene beads (Fig. S2C ). This strategy allows for the local presentation of the candidate molecules to myelinating cells, and the examination of molecular sufficiency in a contact-mediated fashion. The majority of factors screened did not modulate myelinogenic potential (Fig. 3B ). However, a 181-aa fragment located on the amino terminal of Nogo-A (also known as Nogo-Δ20) significantly inhibited the number of myelin internodes formed by individual oligodendrocytes (Fig. 3 B and C) (21, 22) . We have performed a homology search using the National Center for Biotechnology Information (NCBI) BLASTP (23) and Conserved Domain Database (24), and we did not find similar peptide sequences or domains, suggesting the unique role of this portion of Nogo-A in inhibiting myelin internode generation.
We next sought to examine whether Nogo-A is necessary to inhibit myelin internode formation through contact-mediated interactions. siRNA was used to knock down Nogo-A expression in cultured OPCs before membrane extraction ( Fig. S4 A and B) . Membranes were then coated onto beads and presented to oligodendrocytes. Reduction in Nogo-A expression significantly increased the myelinogenic potential of individual oligodendrocytes, suggesting that Nogo-A is an essential component responsible for the inhibitory effect of oligodendroglial membranes ( Fig. 3 D and E) . It is important to note that manipulating the expression of Nogo-A does not restore internode formation to that of the controls. To ensure that this observation is not due to incomplete knockdown or off-target effects of the siRNA, we conducted similar experiments with oligodendroglial membranes isolated from Nogo KO mice lacking all forms of Nogo (25) , and confirm that additional cues that regulate the myelinogenic potential remain to be identified (Fig. 3E) . Additionally, control oligodendroglial membranes exhibited an unusual influence in decreasing the percentage of myelinating oligodendrocytes, resulting in a corresponding increase in the nonmyelinating population (Table S1 ). To determine whether oligodendroglial membranes and Nogo expression could influence OPC differentiation, we analyzed the extent of differentiation across all experimental conditions and found that differentiation was unaffected (Table  S1 ). Additionally, the axonal contribution of Nogo-A was examined in the dorsal root ganglion (DRG) neurons via siRNA knockdown. Reduction in Nogo-A expression in DRG neurons did not result in any changes in myelin internode numbers (Fig.  S4C) . Together, these findings support a model in which myelinogenic potential is directly influenced by contact-mediated competitive interactions between oligodendroglia. 
Nogo-A Mediates Competitive Interactions Between Oligodendroglia.
Demonstrating competition necessitates a mosaic environment with select populations of cells possessing a competitive advantage. By combining different proportions of WT and Nogo KO OPCs in our cocultures, we demonstrate competition between oligodendroglia (Fig. S5A) . Consistent with our hypothesis, the number of myelin internodes formed by WT oligodendrocytes is dependent on the expression of Nogo by neighboring oligodendroglia (Fig. S5C) . Together, these findings demonstrate that myelinogenic potential is dependent on the expression of Nogo by neighboring oligodendroglia, supporting the role for Nogo-mediated competitive interactions in regulating myelinogenic potential.
Oligodendrocytes in Nogo KO Mice Exhibit a Significant Increase in Myelinogenic Potential and Display Exuberant and Expansive
Myelination. To examine the role of Nogo in the formation of myelin internodes in vivo, we crossed Nogo KO mice (25) with our sparsely labeled mouse line. We find that the average myelinogenic potential of oligodendrocytes within the cerebral cortex is significantly increased in the absence of Nogo, with individual cells forming an average of 67.0 ± 15.0 internodes per cell, whereas the WT littermate controls formed 58.8 ± 15.5 internodes per cell (Fig. 4 A and B) . This increase in myelinogenic potential is significant when considering the high density of oligodendrocytes present throughout the CNS. Upon quantification of the average length of myelin internodes formed in vitro, we find that Nogo-A does not inhibit myelin internode length compared with high-density cocultures or in the presence of oligodendroglial membranes (Fig. S3) , suggesting that other cues contribute to the modulation of length.
Does the increase in the number of myelin internodes formed by oligodendrocytes in the absence of Nogo result in an expansion of myelination leading to a disruption in spatial segregation? This question is challenging to address because the CNS is characterized by marked heterogeneity in the spatiotemporal regulation of myelination (1, 26, 27) and the density of myelin limits the feasibility and accuracy of precise quantification. To circumvent these complications, we chose to perform a temporally restricted regional evaluation of myelination in the sparsely myelinated upper layers of the cerebral cortex. At postnatal day (P) 30, layers 1-3 of the somatomotor region of the cortex are actively undergoing myelination, making this an ideal region to evaluate changes in the extent of myelination in the absence of Nogo. Our analysis demonstrates that the elimination of Nogo does indeed result in exuberant myelination in the upper layers of the somatomotor cortex compared with WT littermates, as shown by the marked increase in the number of myelin internodes per millimeter squared (Fig. 4 C and D) . The extent of myelination in Nogo KO mice is expanded along axonal projections in both the medial-lateral (Fig. 4C ) and rostral-caudal axes of orientation (Fig. S6A) . Upon quantification, we find that myelination is expanded by ∼600 μm rostrally across the somatomotor cortex in the absence of Nogo (Fig. S6B ). This finding is consistent with the increase of ∼10 myelin internodes formed per cell in the Nogo KO, spanning an average internode length of 70 μm in the cerebral cortex (Figs. 1E and 4B and Fig. S6C ).
Oligodendroglial Numbers and Precocious Differentiation in Nogo KO
Mice. Could the exuberant myelination detected in the Nogo KO mice be attributed to (i) a shift in the temporal onset of OPC differentiation, (ii) an increase in the number of myelinating oligodendrocytes, or (iii) ectopic myelination of axons that would normally remain unmyelinated? Because differentiation of OPCs into oligodendrocytes plays an important role in regulating the timing of myelination (4, 28), we analyzed the somatomotor cortex at P20, before the onset of active myelination in this region (Fig. S7A) . At P20, we observe similar numbers of differentiated oligodendrocytes in both Nogo KO mice and WT littermate controls (Fig. S7B) , suggesting that a shift in the onset of oligodendrocyte differentiation is not responsible for the accelerated progression of myelination in the absence of Nogo. We next quantified the number of oligodendroglial cells present in the cortex at P30 to assess whether an increase in oligodendrocyte numbers may be responsible for the formation of exuberant myelin (Fig. 4E) . Rather than detecting an increase in oligodendrocytes, we observe a significant decrease in the number of cortical oligodendrocytes present in the Nogo KO mice compared with WT littermate controls (Fig. 4F ). This decrease in cortical oligodendrocytes is accompanied by a significant increase in OPC numbers, consistent with a reduction in differentiation.
Aberrant Myelination in Nogo KO Mice. Does the presence of exuberant myelin in the absence of Nogo represent aberrant myelination of axons that normally remain unmyelinated? Analysis of the somatomotor cortex at P150 reveals a similar extent of myelination in both Nogo KO mice and WT littermate controls (Fig.  S7C) , demonstrating that changes in the extent of myelination in the absence of Nogo do not represent aberrant myelination. Instead, the elimination of Nogo disrupts spatial segregation, prematurely expanding myelination without altering the global pattern of myelination in the adult animals. Additionally, at P150 we still observe a decrease in the number of oligodendrocytes and a corresponding increase in the number of OPCs, suggesting that the increase in the myelinogenic potential of Nogo KO mice is maintained (Fig. S7D) .
Maximizing the Myelinogenic Potential of Oligodendrocytes Enhances
Remyelination. To determine whether maximizing the myelinogenic potential of oligodendrocytes represents an effective means for remyelination, injection of lysolecithin into the dorsal funiculus and ventrolateral white matter of adult mouse spinal cords was performed in the Nogo KO and WT controls (4) (Fig. 5 A and B) , the spinal cord represents a promising region that may allow for the detection of enhancement in repair. Spinal cords were harvested for analyses at 10 and 14 d postlesion (dpl), corresponding to the initiation of differentiation and myelination, respectively. At 10 dpl, Nogo KO samples were indistinguishable from control, because the onset of differentiation was just beginning to occur. Consistent with our hypothesis, at 14 dpl, remyelination was significantly more extensive in the Nogo KO spinal cords, with only 6% of the axons in the lesion that remained unmyelinated compared with 31% of the axons in the WT controls (Fig. 5 C-G) . The enhancement of remyelination was apparent when G-ratios were analyzed because the proportion of axons with a ratio of 1 (demyelinated axons) were significantly fewer in the Nogo KO compared with the WT (Fig. 5 E-G) . The accelerated remyelination is very likely attributed to the increase in myelinogenic potential, because the number of oligodendrocytes found within the lesion sites of Nogo KO and WT controls were unchanged (Fig. 5 H-J) . Together, these findings suggest that Nogo may limit the efficacy of remyelination by restricting the myelinogenic potential of oligodendrocytes in the demyelinated lesion.
Discussion
Our findings begin to address one of the long-standing questions in the myelination field: What mechanisms control the generation and coordination of the precise number of myelin internodes made by oligodendrocytes? Insight into this question is essential for improving our understanding of developmental myelination and for developing novel strategies to promote repair. Recent efforts have provided valuable insight into the extrinsic cues and transcriptional and epigenetic determinants that regulate oligodendrocyte differentiation (2-7). These studies originate under the general premise that upon differentiation, oligodendrocyte myelination is an all-or-none event solely dependent on the factors responsible for the temporal maturation of the oligodendrocyte under a permissive environment. However, it is clearly evident that the CNS is composed of heterogeneous microenvironments that shape the unique architecture and relationship between neurons and glia, which leads to the question of how the nervous system ensures the precise spatial and temporal pattern of myelination of all relevant axons. Underlying this developmental mechanism is the capacity of oligodendrocytes to form numerous myelin internodes. Therefore, we set out to investigate the potential environmental cues that control the generation and coordination of the number and length of myelin internodes, referred to as the myelinogenic potential. The periodic and nonoverlapping placement of myelin internodes along axons necessitates the presence of precise spatial cues that allow for coordination between myelinating oligodendrocytes. These cues should control the generation of the appropriate number, length, and the proper placement of myelin internodes along axonal tracts. To achieve this precise spatial alignment, it is essential that extraneous overlapping internodes are not deposited. Therefore, as an alternative approach, myelination can be viewed as a graded process, whereby oligodendrocytes integrate environmental signals to help achieve the precise spatial organization of myelin internodes. It is clear that during development, competition-based refinement mechanisms provide numerous instructive cues to aid in the precise patterning and establishment of neuronal connections, and oligodendrocyte myelination is no exception. We demonstrate that myelination in the CNS necessitates a mechanism whereby neighboring oligodendroglial cells coordinate the appropriate number of myelin internodes through oligodendroglial competition for available axonal space. In addition, we demonstrate a unique physiological role for Nogo during development in regulating the myelinogenic potential of oligodendrocytes, and suggest a degree of plasticity that allows for variations in myelinogenic potential and differentiation, while still ensuring the precise myelination of the CNS. Previous work indicates that the relative expression level of Nogo-A in the CNS is highly variable, with measurable differences both between brain regions and between different cell types and layers in a given region (29) . This variable expression pattern is consistent with the heterogeneity seen in the number and length of myelin internodes throughout the CNS-both within and between brain regions. Together, these findings support a scenario in which localized expression of Nogo-A may act to regulate the formation of myelin internodes.
However, it must be noted that manipulation of Nogo expression does not affect the length of myelin internodes or the number of internodes with the same potency as oligodendroglial membranes, suggesting that other membrane-bound cues are also likely to be involved in the regulation of myelinogenic potential. In addition, oligodendroglial membranes exhibit a significant and specific activity in reducing the percentage of myelinating oligodendrocytes with a subsequent increase in the percentage of nonmyelinating oligodendrocytes that was not exhibited by any of the other candidates screened, including Nogo-A (Table S1 ). These findings suggest that additional potent cues still remain unidentified on oligodendroglia, which likely contribute to the precise patterning and spatial organization of myelin internodes. Further exploration of both intrinsic and extrinsic mechanisms that directly regulate myelination will be important to expand our understanding of developmental myelination and to enhance efforts aimed at promoting remyelination.
Many studies have focused on the inhibition of differentiation by the demyelinated environment as a major limitation to successful remyelination (30, 31) . Our findings suggest that endogenous inhibitors present as a result of the myelin debris and in resident oligodendroglial cells surrounding the demyelinated environment may also inhibit remyelination by severely limiting the number and length of internodes that oligodendrocytes can form (32) . Therefore, maximizing myelination at the level of internode numbers and lengths represents a promising alternative strategy for promoting repair and remyelination after injury or disease.
Methods
For a detailed description of the materials and methods used, see SI Methods.
Generation of Transgenic Mice with Sparsely Labeled Oligodendrocytes. maEGFP (a gift from Bruce Appel, University of Colorado School of Medicine, Aurora, CO) was inserted after a 1.9-kb Mbp enhancer previously shown to direct transgene expression specifically in oligodendrocytes (33) . Founder mice carrying mosaic Mbp-maGFP expression based on position-effect variegation were bred and characterized based on the sparseness of labeling of individual oligodendrocytes. Further details can be found in SI Methods.
Preparation of Membrane-Coated Polystyrene Beads. Using an adapted protocol (18) , membrane extracts were subjected to freeze/thaw cycles before ultracentrifugation. The membrane pellets were subjected to sonication and normalized to protein concentration before incubation with NH 2 -coated 20-μm polystyrene beads (G. Kisker). Detailed methods can be found in SI Methods.
